ABSTRACT Thermoelectric generators are efficient devices to recover energy from the automotive exhaust gas. In this paper, conversion efficiency of automotive thermoelectric generator (ATEG) and the maximum electrical power generated by the ATEG, defining as the power output of the ATEG excluding the energy loss caused to the engine improved by optimizing the number of thermoelectric modules (TEMs) and its distribution pattern in an ATEG. An advanced numerical model of ATEG considering the effect of the heat transfer among the adjacent TEMs' rows is developed with Simulation-X software. In order to acquire the ATEG's optimal electrical performance, a 3-step optimization is applied. First, 17 independent factors (the number of TEMs in each row from 1 to 18) are assessed and the significant parameters are screened using Plackett-Burman design. Second, an experiment designed with a central composite design is performed to analyze the sensitivity of six selected factors and a surrogate model is built through response surface method. Then, conflicts in two objectives are settled with a multi-objective genetic algorithm. According to the optimization results of a given ATEG, the maximum electrical power generated by the ATEG is 139.47 W and the conversion efficiency is 2.51% under steady engine condition. Finally, the performances of the optimized design under different engine conditions are discussed. The results show that the maximum power generated by the ATEG and efficiency respectively increase by 49.8% and 106.5% after optimization when the exhaust inlet temperature is 805 K and the mass flow rate is 0.5 kg/s.
I. INTRODUCTION
Due to the increasing challenges in waste disposal as well as the high dependency on fossil fuels, advanced wasteto -energy techniques have been actively promoted for a long time [1] . The current waste-to-energy practices and research trends cover solar energy, vehicle vibration energy, geothermal energy, and so on. Among the developed tools for energy recovery, thermoelectric generators (TEGs) which can convert heat into electricity has advantages like low noise,
The associate editor coordinating the review of this manuscript and approving it for publication was Yan-Jun Liu. light weight, and non-mechanical vibration [2] , [3] . In recent years, the TEG-based waste heat recovery method has been one of the most promising techniques [4] - [6] .
Automotive thermoelectric generators (ATEGs) are proved to have the potential for recovering waste heat energy from automotive exhaust gas [7] , [8] . For an internal combustion engine vehicle, approximately 30% of the energy is used to drive the vehicle; nevertheless, 40% is emitted as heat through the exhaust gas [9] - [11] . A variety of numerical TEG models have been developed for the parametric studies on the performance and optimization of ATEG. Espinosa et al. [12] used the finite -difference method with a strip-fins convective heat transfer coefficient to build a TEG model, and estimated the output power of TEG at a 90 • coolant temperature. Gou et al. [13] and Qing et al. [14] established a TEG system model based on finite time thermodynamics. He et al. [15] , through finite element analysis, established a model of sandwich plate-type exhaust heat exchanger, and concluded that flow velocity and thermoelectric module (TEM) area were significant variants for the optimization of ATEG. Tatarinov et al. [16] developed a Simulink model of TEG system for determining the energy flow of vehicle. Xiao et al. [17] introduced the convective heat transfer models of solid heat capacity material hot-end and thermoelectric material's cold-end. Hsiao et al. [18] and Sawires et al. [19] built a one-dimensional thermal resistance model for TEM so as to predict the performance of this module. Hsu et al. [20] , [21] used a thermal resistor network model to calculate the exact temperature difference traverse the TEM, and proposed the effective Seebeck coefficient. Kumar et al. [22] discretized the TEG along the exhaust flow direction using a finite volume method; and each discrete volume was modeled as a thermal resistor network. Yuan et al. [23] used a three-dimensional numerical simulation model to investigate the performance of ATEG. These previous studies have provided numerous promising electrothermal models; however, most of the models are unable to accurately represent the TEMs temperature distribution along the fluid flow direction because they were established by assuming an isothermal transfer among adjacent TEMs [12] , [15] , [16] , [20] , [22] , [23] . Therefore, a new onedimensional multi-domain model, which not only considers the temperature gradient on the TEMs surface along the fluid flow direction but also shortens calculation time, is proposed in this paper.
To maximize the performance of TEGs, multiple optimization methods have been developed. Among them, genetic algorithms (GAs) [24] have been the interest in the field of heat transfer, especially for TEGs [25] , [26] . Wang et al. [27] optimized the fin distribution for maximizing the electrical power for a given ATEG through a multi-island genetic algorithm. Liu et al. [28] and Qiang et al. [29] optimized heat exchanger's fin and the cold unit by an archive-based micro genetic algorithm. Arora et al. [30] applied nondominated sorting genetic algorithm-II to two-stage TEG. These researches have proved that GA can be utilized to maximize the performance of TEG system. However, it is difficult to design experiments when the number of factors is large and the optimization is time-consuming [31] . The response surface method (RSM) is able to simplify the experimental design; meanwhile, it is available for sensitivity analysis. Su et al. [32] considered variable length and thickness of folded plate, and used RSM and multi-objective genetic algorithm (MOGA) to find the optimal surface temperature, thermal uniformity, and pressure drop. Huang and Xu [33] proposed a combined RSM-GA optimization to fulfil an efficient search for the optimal power output from thermoelectrics.
In the ATEG formed by a large number of TEMs, the effects of the number and distribution pattern of TEMs are not totally known. Thus, it is a challenging task to find a general rule to determine the best configuration of TEMs in an ATEG.
Previous works are mainly based on the simulation results performed on the computational fluid dynamics (CFD) [34] - [36] . However, these studies are not suitable for investigating two factors of the number and distribution pattern of TEMs that affect the ATEG electrical power output and thermoelectric conversion efficiency, since they cannot get the hot side and cold side temperature of each TEM accurately and rapidly. Tao et al. [34] and Wang et al. [35] implied that total power generation increases quickly with the number of TEMs increases, but the power output gets saturated quickly when the number of TEMs is more than the threshold via CFD simulation. Besides, Weng and Huang [36] explored the influences of the number and the coverage rate by selecting different length of TEMs and heat exchanger in the use of ANSYS. However, the CFD numerical simulation cannot provide a model to get the optimal number and distribution pattern of TEMs. Cózar et al. [37] proposed the methodology of the numerical model which can obtain the optimum number and thermal configuration of TEMs, yet the numerical simulation cannot analyze the sensitivity of each column of TEMs. In [38] and [39] , the total power output of ATEG is optimized using GA on the basis of the numerical model; however, the design and optimization of the ATEG system is not reasonable, since the objective neglects the thermoelectric conversion efficiency. Therefore, the main innovation of this paper is that it studies the effects of TEMs' quantity and distribution pattern on the conversion efficiency of ATEG and the maximum electrical power generated by the ATEG, defining as the power output of the ATEG, excluding energy loss caused to the engine, through a one-dimensional model. Table 1 summarizes the performance of these  studies. This paper is arranged in the following ways. The geometry and numerical model of ATEG are given in Section II. The 3-step optimization approach which includes PlackettBurman design (PBD), central composite design (CCD), and MOGA, is described in Section III. Then, the results of screening of process variables, sensitivity analysis, and optimization are presented in Section IV. Eventually, conclusions are drawn in Section V.
II. ATEG MODELING A. GEOMETRY MODEL
An ATEG with 1-306TEMs distributed in various locations is studied to determine the electrical performance based on a given ATEG system. The ATEG is installed in a Tianlong commercial vehicle [40] , which is equipped with an 11.12 L diesel engine. The physical diagrams of the test bench and ATEG are shown in Fig. 1 . The test bench setup consists of an independent cooling unit, a heat exchanger and TEMs. The designed independent cooling system is composed of 18 single-column water tanks. To obtain the surface heat uniformity of each TEMs column, the 18 single-column water tanks are connected in parallel by the inlets/outlets. The detailed schematic model of the ATEG is plotted in Fig. 2 . As shown in Fig. 2 (a) , the shape of the ATEG is an eighteen-sided polygon prism, and the side length and height of the prism are 80 mm and 1000 mm, respectively. For one Bi 2 Te 3 -based TEM, the size is 50 mm×50 mm×4 mm. The single-column cooling water tank, which is made of aluminum, is a cuboid with a 60 mm width, a 970 mm length, a 26 mm height, and a 2 mm thickness. The inlet inner radiuses of the heat exchanger and coolant channel are 36 mm and 8 mm, respectively. Moreover, a cylindrical heat exchanger with an inlet outer diameter of 410 mm is made of brass. To consider the installation constraints, a TEG is fully covered with 306 TEMs which are placed in 17 rows along the streamwise direction and 18 columns in the plane perpendicular to the gas flow (see Fig. 2 (b) ). Here, the TEMs in one row are numbered from 1 to 18 and in one column are numbered from 1 to 17.
B. NUMERICAL MODEL
In the present study, the ATEG is developed as 1-D multidomain model, allowing a high parameterization and efficient optimizations in comparison to 3-D CFD models [10] , [41] . Furthermore, as shown in Fig. 2 (b) , the TEG region is discretized into 17 control volumes (CVs) along the streamwise direction, that is, a CV contains a row of TEMs. The TEMs' hot-side temperatures are considered to be uniform in a CV [22] .
1) BASIC ASSUMPTIONS AND BOUNDARY CONDITIONS
To simplify the numerical model, the following assumptions are made:
(1) All TEMs have exactly uniform geometric sizes; and their thermoelectric parameters are constant. As heavy-duty commercial vehicles are often considered to be production resources, being used for long-distance transportation. Therefore, a constant speed driving condition on a flat road is chosen for the heavy-duty commercial vehicle: 90 km/h, representative of one steady-state engine condition. In order to obtain the required input parameters for the ATEG model, the vehicle is simulated using ADVISOR 2002. The input data for ADVISOR 2002 is given from [40] . The output from this simulation (exhaust gas mass flow rateṁ hf of 201.48 g/s, exhaust gas inlet temperature T in of 710.86 K) is obtained for the steady analysis. The fluid of the heat exchanger is compressible dry air, while the fluid of the cooling side is water. The boundary conditions of the ATEG listed in Table 2 are used in developing numerical models. 
2) HEAT TRANSFER EQUATIONS AND THERMAL RESISTOR NETWORK
The basic calculation unit of an ATEG is assumed as a CV, consisting of a row of TEMs, a cylindrical heat exchanger installed at the hot end, and a cooling water tank mounted at the cold end. For the i th CV, the hot gas flow characteristics can be expressed by the mass and energy conservation equations.
with
Here, the subscript in, out, hf, and wall represent inlet, outlet, fluid gas, and wall, respectively. Compressibility and expansion of the i th CV volume V (i) are represented according to the pressure p, temperature T and specific capacity υ. U , m and V respectively represent the total energy, mass and volume of the fluid gas in a CV; ρ, u and c p are the hot gas density, specific internal energy and specific heat capacity, respectively.Q wall (i) is the heat flow on the wall in the i th CV. For the fluid gas in the i th CV, the description of the heat transfer coefficient is the use of similarity methods, and it is defined as
where λ hf is the thermal conductivity of the fluid gas, Nu is the Nusselt number of the exhaust flow.
In the turbulent flow, the Nusselt number is calculated using Petukhov's correlation (modified by Gnielinski); and it is defined as
where L hf and d hf ,i respectively are the length and inner diameter of the heat exchanger in the i th CV. ξ , Re and Pr are the friction factor, Reynolds number, and Prandtl number, respectively. They are expressed as
where w, µ and a are the velocity, the kinematic viscosity and thermal diffusivity of the exhaust flow, respectively. The hot-side heat exchanger in the i th CV is modeled as an effective thermal resistance in Eq. (12) . In addition, the thermal resistances for the tube wall in the plane perpendicular to the gas flow, the tube wall along the streamwise direction, TEMs and cooling water in a CV are given by Eq. (13)- (16) .
Here, A hf , A cf A wall,p , A wall,s and A TEM are the areas of heat exchanger, cooling water tank, tube wall in the plane perpendicular to the gas flow, tube wall along the streamwise direction in a CV and a TEM, respectively. δ wall,p , δ wall,s and δ TEM are the thicknesses of tube wall in the plane perpendicular to the gas flow, tube wall along the streamwise direction in a CV and a TEM, respectively. λ and h are thermal conductivity and convective heat transfer coefficient, respectively. n(i) is the number of TEMs in the i th CV. The expressions for the areas and thickness are given as follows. (22) where r o and r i are the outer and inner radiuses of the heat exchanger, respectively, and w cf and L cf are the width and length of the cooling water tank in a CV, respectively. Hence, the thermal resistances compose the network, as shown in Fig. 3 . The thermal resistances in channel 1-cf of the i th CV can be calculated by R 1−cf = R wall,p + R TEMs (i) + R cf (23) In the heat conduction process of TEMs in the i th CV, the heat transfer rate is given bẏ
For the single i th CV, the heat transfer rate also can be expressed asQ
For the tube wall of the i th CV, the heat flowQ wall (i) can be solved bẏ
According to the CV energy balance,Q wall (i) also can be calculated in Eq. (27) .ṁ hf is the exhaust mass flow rate. 
3) ELECTRICAL POWER OUTPUT AND CONVERSION EFFICIENCY
The TEMs comprise many pairs of thermoelectric couples. For one single thermoelectric couple, it is assumed that the thermal conductivity, Seebeck coefficient and electric resistance are constant. With the measured Seebeck coefficient α and the measured electric resistance R m of one thermoelectric couple (see Table 2 ), the open circuit voltage and electrical power generated by the whole TEG can be calculated as
where N is number of the thermoelectric couples of one TEM, and R L is the external load resistance. The total number of thermoelectric couples for one TEM is approximately N = (50/3.77) 2 ; and the cross section of a single thermoelectric couple is 3.77 mm×3.77 mm. The maximum electrical power generated by the ATEG P max can be obtained when R L = 17 1 n (i) · N · R m , and it can be expressed as
For the i th CV, when the heat conduction, Joule heat loss and Peltier effects are combined, the heat transfer rateQ H (i) extracted from the hot sides of TEMs is determined as follows:
where K is the thermal conductance of a TEM. Combining Eq. (30) and (31), the ATEG conversion efficiency is expressed as below: 
4) ATEG SYSTEM MODEL
In this study, Simulation-X 3.8 is used as the simulation tool.
The software Simulation-X is based on the object oriented physical programming language Modelica, allowing for the modeling of technical and physical systems on the basis of mathematical equations. By setting the boundary conditions, including the exhaust mass flow rateṁ hf , the inlet temperature T in , the cooling water heat transfer coefficient h cf , the cold water temperature T cf , and the geometry of the whole ATEG device, the maximum electrical power generated by the ATEG and the conversion efficiency are automatically solved in the software based on a series of algebraic differential equations as illustrated in Section II. Fig. 4 shows the simulation model of the ATEG, where the model along the streamwise direction is subdivided into 17 equidistant sections to agree with the actual temperature distribution. There are four essential physical effects, consisting of the heat convection between the exhaust and the tube wall, the thermal conduction through TEMs and their electrical power output, the heat convection between TEMs and the cooling water, as well as the heat convection between heat exchanger and the ambient air. 
C. MODEL VALIDATION
The 1-D multi-domain model of the ATEG is validated by comparing it with the experimental data obtained from the previous study [40] . The experiment uses a dynamometer, a diesel engine, a TEG, a TEG system console, a dynamometer console, a fuel consumption meter, a high-speed camera and pressure difference measurements (see Fig. 5 ). The performance of the ATEG is studied under five types of engine-operating conditions (see Table 3 ). The comparison is shown in Fig. 6 , illustrates that the experimental results are well reproduced by the proposed model (maximum difference between simulation and experiment of 4.7% occurring in i case).
III. OPTIMIZATION DESIGN
To optimize TEMs' number and distribution pattern for an ATEG, two objectives are considered, i.e., the maximum electrical power generated by the ATEG and thermoelectric conversion efficiency, given by Eq. (30) and (32) respectively. To resolve this problem, The number of TEMs in each CV (n(i) (i = 1, 2, 3, . . . , 17)) is taken as factors for this optimization.
The procedure for the optimization of TEMs' number and distribution pattern is illustrated in Fig. 7 . Firstly, 17 independent variables (factors) are assessed using PBD so as to screen significant parameters. Then, a surrogate model is built using a CCD with six selected factors. Finally, the MOGA is an efficient way of searching for the optimum based on the surrogate model.
A. PBD-SCREENING
The PBD can obtain the factors which have a significant influence on the test index among the multiple design variables [42] , [43] . In this study, a total of 17 variables (the number of TEMs in each CV) are chosen for screening. The number of TEMs in each CV ranges from 0 to 18. A PBD of size 20 with 17 factors is developed using Design Expert 10 software. By analysis of variance (ANOVA), the factors having a probability value of P<0.055 are validated to have a major effect on the maximum electrical power generated by the ATEG and thermoelectric conversion efficiency, and are further modeled by CCD
B. CCD-RESPONSE SURFACE MODELING
RSM [10] , [32] - [44] is a sequential procedure applied for the modeling and analysis of the sensitivity between responses and design variables. It can establish the surrogate model through limited experimental or simulation results.
Six significant parameters, namely, the number of TEMs in the 6 th , 7 th , 8 th , 9 th , 12 th , and 13 th CVs are established as critical determinants for the ATEG electrical performance through the PBD screening. The proposed RSM involves 2 6 1/2 fractional CCD points, one center point, and 12 axial points; and in total, 45 experiments are performed. Five levels of each variable are defined, where the axial points (1.565, -1.565), factorial points (1, -1) and center point (0) are adopted. The actual level of each variable is shown in Table 4 . Besides, the CCD is usually introduced to fit a second-order model, as shown by Eq. (33):
where Y is the response surface model (the maximum electrical power generated by the ATEG and thermoelectric conversion efficiency), X is the factors, A is the intercept coefficient, and B i , B ii , and B ij represent the i th linear, the ii th quadratic, and ij th interaction coefficients, respectively.
C. MOGA-OPTIMIZATION
In order to evaluate the electrical performance of ATEG, the multi-objective genetic algorithm (MOGA) [45] is used for optimizing the number and distribution of TEMs. Based on the response surface model, the optimal solution set of two objective functions is solved within the feasible range of decision variables. However, two objective functions are related but conflict with each other, so each objective can only be weighted to obtain the optimal solution set. In addition, both of surrogate models are nonlinear, which makes the optimization problem a complex optimization model with multiple variables, multiple constraints, and multiple objectives. Therefore, this paper adopts the non-dominated sorting genetic algorithm II (NSGA-II) [46] , which has good effect on the fitness assignment and diversity of the solution.
1) OPTIMIZATION ALGORITHM AND PROCESS
At the beginning of NSGA-II calculation process, the initial population is initialized, and then the offspring population is generated through the evolutionary operation. Merging parent and child populations, population P n of size 2N is generated. Then, the non-dominated rank of individuals in the population P n is sorted based on the fitness function. According to the non-dominated sorting rank, the first level, the second level, . . . and the n th level fill the next generation population P n+1 successively. It is worth noting whether the size of the population P n+1 exceeds N. After the m th level non-dominated rank is filled, and the number of individuals in population P n+1 exceeds N, crowding distance calculation is applied to select individuals of good distribution in the m th level to make the size of the population P n+1 N. The specific process of this algorithm in this study is described as follows: VOLUME 7, 2019 (1) Chromosome design-The first 6 digits of the chromosome indicate the quantities of TEMs in the selected control volumes (n(6), n(7), n(8), n(9), n(12), n (13) 
where the population size of R n is 2N. (5) Fast non-dominated sorting-Firstly, non-dominated fronts F 1 , F 2 , . . . are obtained by using non-dominated sorting algorithm for all individuals in the population R n . Meanwhile, the non-dominated fronts are transferred into the population P n+1 . (6) New population generation-Create new population P n+1 as follows:
solutions of the maximum crowding distance from F i to P n+1 . (7) Whether the stopping criteria, which is the maximum number of generation is satisfied, if not, return to step 3; otherwise, exit the program and get Pareto optimal solutions.
2) OBJECTIVE FUNCTION, DECISION VARIABLE AND CONSTRAINTS
In this study, the multi-objective genetic algorithm (MOGA) is used to determine the optimum using the response surface model to evaluate the objective functions and decision variables. For this process, two objective functions are defined as follows:
where X i represents the number of TEMs in the selected CV. Also, the maximum electrical power generated by the ATEG and thermoelectric conversion efficiency are two objectives, namely F 1 and F 2 .
For implementing NSGA-II, the parameters of the control algorithm including population size, maximum number of generations, crossover probability, and mutation operator should be well estimated. The population size pop is set to 50, and the maximum number of generation is limit to 200 with the crossover probability and mutation operator 0.9, 20, respectively. NSGA-II program is run to analyze the response surface model in Matlab software.
3) DECISION MAKING METHOD
After obtaining the Pareto optimal solution set, it is necessary to select the optimal solution according to the preference of the decision maker, requiring multi-attribute decision analysis for the obtained optimal solution set. TOPSIS (technique for order preference by similarity to an ideal solution) is a common method for multi-attribute decision making of finite schemes. The basic idea is to sort a certain number of evaluation solutions depending on the distance of the evaluation points from the ideal point. The present study utilizes TOPSIS decision making method to sort the Pareto optimal solution set, and the specific steps are listed as follows:
(1) Normalize the objective functions F 1 , F 2 .
where x ij is the objectives matrix at three optimal solutions of Pareto front and i (i=1, 2, 3) stands for the index of three points on Pareto front and j (j=1, 2) stands for the index of each objective.
(2) Identify the best solution z + and worst solution z − . 
where the range of C i is between 0 and 1. When C i is closer to 1, it indicates that the evaluation point is superior. (5) Sort C i in an ascending order.
IV. RESULTS AND DISCUSSIONS A. SCREENING OF PROCESS VARIABLES
Variables that negatively affect the maximum electrical power generated by the ATEG and conversion efficiency with less than 5.5% probability (see Table 5 ) are discarded in the PBD. 
FIGURE 8.
Response surface of the maximum electrical power generated by the ATEG against the numbers of TEMs in the 6 th , 7 th , 8 th , 9 th , 12 th , and 13 th CVs: (a) n(6)-n(7)-P max response, (b) n(6)-n(8)-P max response, (c) n(6)-n(9)-P max response, (d) n(6)-n(12)-P max response, and (e) n(6)-n(13)-P max response.
B. SENSITIVITY ANALYSIS
The response values of the design matrix as calculated based on the simulations are presented in Table 6 . Among the results of the 45 groups, the lowest maximum electrical power generated by the ATEG is 61.18 W whereas the highest is 145.44 W. Meanwhile, the thermoelectric conversion efficiency ranges from 0.86% to 6.31%. Fig. 8 shows the response surface for the maximum electrical power generated by the ATEG against the number of TEMs in the screening CVs (P≤0.055), where four of the six parameters are kept at their midrange values 9. The figure shows that the maximum electrical power generated by the ATEG rises along with the numbers of TEMs in the 7 th , 8 th , 9 th , 12 th , and 13 th CVs with a small number, respectively. Under this condition, the maximum electrical power generated by the ATEG is more sensitive to the number of TEMs than the temperature variance. By contrast, the maximum electrical power generated by the ATEG reduces as the number of TEMs of the selected CV increases (n(7)>9 or n(8)>9 or n(9)>9 or n(12)>9 or n(13)>9). This phenomenon is explained that the average temperature difference of the whole TEMs is much lower than that with a small number of TEMs, and then the effect of the reduction of average temperature difference with a large number of TEMs is more evident. Thus, Figure 8 clearly shows that, at given n(6), the TEMs' numbers in 7 th , 8 th , 9 th , 12 th , and 13 th CVs have optimized values. It also indicates that the maximum electrical power generated by the ATEG declines with the augment of the number of TEMs in the 6 th CV with a small number of TEMs in the other CV, respectively, which indicates that the condition (n(6)=0) significantly improves the heat convection coefficient between exhaust and TEMs' hot side in other CVs. The response surface for ATEG thermoelectric conversion efficiency against the number of TEMs in the screening CVs (P≤0.055) is depicted in Fig. 9 . In each graph, there are VOLUME 7, 2019 four parameters remaining at the value 9. It can be observed that the conversion efficiency grows with the decrease of the TEMs' number in the 7 th , 8 th , 9 th , 12 th , or 13 th CVs. This means that the advantage of using lower number of TEMs in the selected CVs except the 6 th CV appears, and this advantage will become increasingly obvious together with the decrease of the quantities of TEMs in the selected CVs (n(7), n(8), n(9), n(12), n(13)), respectively. In fact, the total amount of heat absorbed into the TEMs rises up lower than the increase of ATEG maximum power output owing to the reduction of the TEMs' quantities in the selected CVs except 6 th CV. Furthermore, the number of TEMs in the 6 th CV has little impact on the thermoelectric conversion efficiency.
C. OPTIMIZATION RESULTS
The optimal ATEG electrical performance and the corresponding TEMs' quantity and distribution pattern are obtained based on the response surface model and MOGA. The Pareto front of two objectives (P max -η) after 200 generations is presented in Figure 10 . At the end of the optimization, the optimal solutions for above mentioned objectives lie 2.34 ≤ η ≤ 3.66, 129.44≤P max ≤ 139.59. Moreover, optimal values of decision variables belonging to the integer set are listed in Table 7 .
According to the TOPSIS decision making method for three obtained Pareto solutions, the result of sorting is shown in Table 8 . Highest value of proximity elucidates the evaluation point is nearest to the optimal solution. The maximum proximity (0.9414) is obtained by using TOPSIS decision making technique in two objective optimizations.
The proximity values of two (P max -η) objective optimization using TOPSIS are (137.57, 2.96) and (139.47, 2.51). As a result, the Pareto solution (139.47, 2.51) which has the maximum electrical power generated by the ATEG is selected as the optimal solution design. The values of double objectives (P max -η), i.e., (130.05 W, 2.71%) are obtained by selecting the corresponding optimal design variables with the Simulation-X. The deviations of the surrogate model are 6.7% and 7.9%, respectively. The results verify that the surrogate model is precise. Compared with the initial TEMs number and distribution design (n(6), n(7), n(8), n(9), n(12), and n(13) are 9, 9, 9, 9, 9, and 9), the maximum electrical power generated by the ATEG increases from 84.97 W to 130.05 W, and the conversion efficiency rises from 1.29% to 2.71%.
To show the effect of TEMs' number and distribution optimization, the temperature distribution and electrical performance of the candidate C are presented in Fig. 11 . As can be known from Fig. 11 (a) , the temperature difference between the both sides of TEMs in the 7 th , 8 th , and 9 th CVs is nearly a constant. However, when TEMs are not installed at the front and rear rows of the 12 th CV, a higher heat flux is obtained and then the hot-side temperature of the TEMs in the 12 th CV is getting higher compared with those of the 7 th , 8 th , and 9 th CVs. From Fig. 11 (b) , in comparison with the 8 th , 9 th , and 12 th CVs, the generated open-circuit voltage of the TEMs in the 7 th CV is greatest since they have the maximum temperature difference at TEM sides. The series connection causes an equal output current in all TEMs (see Fig. 11 (c) ). Fig. 11 (d) shows that the variance of temperature difference between both sides of the TEMs and the TEMs' number result in the different maximum power output and efficiency for the 7 th , 8 th , 9 th , and 12 th CVs. When the maximum power output is approximately the same, the conversion efficiency depends on the number of TEMs. Thus, the conversion efficiency of the 12 th CV is the highest (3.21%), as shown in Fig. 11 (d) .
The analysis is carried out under steady exhaust temperature and mass flow rate. In practice, heavy-duty commercial vehicles usually travel on express highways for long-distance transportations, and the 765 s Highway Fuel Economy Test (HWFET) driving cycle is chosen as the test driving cycle. Using the simulation tool ADVISOR 2002, the exhaust gas mass flow rateṁ hf is between 53.5 g/s and 496.7 g/s, and the range of exhaust gas inlet temperature T in is [577.3 K, 732.7 K]. Therefore, some steady-state points consisting of 400 K-800 K, 50 g/s-500 g/s are selected in the study, representative of the common driving condition of the heavyduty commercial vehicle. Moreover, candidate C is selected due to its best performance.
The correlation between ATEG performance and exhaust inlet mass flow rate is shown in Fig. 12 . The average temperature difference increases when the inlet mass flow rate increases, since more thermal energy is available. As expected, more average temperature difference causes greater open-circuit voltage of TEMs (see Fig. 12 (a), (b) ). The maximum electrical power generated by the ATEG increases significantly when the inlet mass flow rate is below 0.2 kg/s, as shown in Fig. 12 (c) . However, it increases slowly at higher inlet mass flow rates. Fig. 12 (d) also shows that the variation trend of thermoelectric conversion efficiency is similar to that of the maximum power output: a significant increase appears as the inlet mass flow rate rises from 0.05-0.2 kg/s, followed by a small variance as the inlet mass flow rate continues to grow. As a result, the maximum electrical power generated by the optimized ATEG is 168.73-217.35 W with a corresponding conversion efficiency of 3.06%-3.45% when the inlet mass flow rate fluctuates between 0.05-0.5 kg/s; while, the maximum electrical power generated by the ATEG and conversion efficiency for the initial design are 105. .06 W and 1.43%-1.67%, respectively. major for the number of TEMs (compare Fig. 13 (a) with Fig. 13 (b) ). As for the optimized design, the maximum electrical power generated by the ATEG increases dramatically when the inlet temperature is high, and the power increases by 213.48 W. The initial design has a similar growing trend (Fig. 13 (c) ). It is observed that the thermoelectric conversion efficiency and inlet temperature are almost linear ( Fig. 13(d) ). As shown in Fig. 13 , when the temperature is 805 K, the maximum electrical power generated by the ATEG rises from 145.06 W to 217.35 W and the conversion efficiency increases from 1.67% to 3.45%. Consequently, the two corresponding objectives have increased by 49.8% and 106.5% respectively compared with those of the initial design.
V. CONCLUSION
This paper investigates the influences of TEMs number and distribution pattern on the electrical performance of a given ATEG with 1-306 TEMs. The 1-D multi-domain model is established based on the finite volume methodology after considering the effect of the heat transfer among the adjacent TEMs' rows so as to achieve high accuracy. Based on the simulation results, a certain number of TEMs (from 1 to 306) distributed in various locations of the given ATEG is optimized by RSM and MOGA.
The results indicate that the optimized design (n(7)=5, n(8)=4, n(9)=5, and n(12)=4) has more maximum electrical power generated by the ATEG and higher conversion efficiency than the initial design (n(6)=9, n(7)=9, n(8)=9, n(9)=9, n(12)=9, and n(13)=9). The maximum electrical power generated by the optimized ATEG is over 53.05% larger than that of the initial design; meanwhile, the conversion efficiency of the initial design is 110.07% below that of the optimized design. In addition, the optimization results illustrate that there is an optimal TEMs number and distribution beyond which the objectives decrease. It is found that some TEMs located in the front and rears row of one row of TEMs possibly make the hot side of one row of TEMs cooler, which results in the decline of the ATEG average hotside temperature. Consequently, the electrical performance of the whole TEM system gets poorer. Therefore, conclusions can be drawn that more TEMs may not necessarily lead to more power or higher efficiency.
Based on the optimized design of ATEG, two objectives (P max , η) are investigated under different engine conditions. The results show that the maximum electrical power generated by the ATEG is 217.35 W and the conversion efficiency is 3.45% for the optimized design (n(7)=5, n(8)=4, n(9)=5, and n(12)=4), when the exhaust inlet temperature and mass flow rate are 805 K and 0.5 kg/s, respectively. 
